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Membrane fusion: from in vivo to in vitro
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Membrane fusion is essential for cell function. To guide this process, eukaryotic cells are 
equipped with SNARE proteins. Syntaxin and SNAP-25 on the target membrane and 
synaptobrevin on vesicle membranes form a coiled coil to provide force for membrane bending 
and ultimately fusion. To study the process of membrane fusion, in vitro systems to monitor 
lipid mixing and content mixing have been developed. In addition, simplified model systems 
have been designed to find the determining factors for membrane fusion. Here membrane 
fusion is discussed, from in vivo to in vitro. Different alternative methods for vesicle fusion 
are discussed in the light of leakiness and efficiency of the specific vesicle the fusion process.
Vesicle fusion inside living cells
In a eukaryotic cell, vesicle fusion is an essential process for transport and delivery of membrane 
proteins, neurotransmitters and hormones (Figure 1). To do so, cells are equipped with SNARE 
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins. SNARE 
proteins mediate the intracellular fusion of vesicles, such as the protein transport from the 
ER to the Golgi for post-translational modification or the release of neurotransmitters via 
exocytosis. The SNARE protein family is conserved throughout eukaryotic cells and consists 
of over 30 members in humans1. 
SNARE proteins are located both on the vesicle and the target membrane. One SNARE motif, 
the R-SNARE contains a highly conserved arginine, is located on the vesicle membrane. The 
other three motifs, the Qa-, Qb- and Qc-SNARE each contain a highly conserved glutamine 
and are found on the target membrane. The four different unstructured SNARE motifs 
together form a helical core complex (Figure 2). The R-SNARE motif is found in the vesicular 
protein synaptobrevin (also known as VAMP), the Qa-SNARE in syntaxin and the Qbc-
SNARE in SNAP-251. 
The SNARE complex forms in a zipper-like fashion, starting from the N-termini of 
the SNARE motifs. The whole process of coiling to a SNARE pin is guided by regulatory 
proteins such as the Sec1/Munc18 related (SM) proteins to form the acceptor complex on 
the target membrane. Complexins and synaptotagmin assist later in the fusion process when 
the R-SNARE is bound, allowing the formation of a tight SNARE-complex2. The formation 
of the SNARE complex creates an inward facing force, pulling the membranes together2. 
According to the stalk hypothesis (Figure 3)3, first the outer leaflets of the membranes form a 
continues layer (the hemifused state), then a fusion-pore opens and widens until full fusion 
is accomplished4. The various states of membrane fusion have been observed in single vesicle 
studies, supporting the theory5,6.
For fusion to occur, membranes must be in close proximity and the lipid bilayer needs to be 
disturbed. This requires removal of hydration layers, local membrane bending, merging of 
the two leaflets (hemifusion), formation of the fusion pore and expansion of the pore8. The 
total energy required has been calculated at 50-100 kBT per event9. The zippering of a single 
SNARE complex releases 23-35 kBT10–12, so only 2-4 complexes are required for membrane 
fusion2,13. However, experimental evidence suggests that one SNARE complex is sufficient14,15.
Formation of the SNARE complex alone brings membranes in 10-20 nm proximity, but for 
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Figure 1. SNARE protein mediated membrane fusion events in the cell. In eukaryotic cells, 
transport of newly synthesized proteins and lipids from the ER to the Golgi and the Golgi to 
the membrane, is mediated by vesicles. In addition, molecules taken up by endocytosis end 
up in endosomes, which can fuse with each other or with lysosomes. Yeast and plant cells 
contain vacuoles as storage compartments. Those vacuoles can fuse together with the aid of 
SNARE proteins.
Figure 2. The SNARE complex. The complex is formed by synaptobrevin/VAMP on the vesicle 
membrane (in red, R-SNARE), SNAP25 (blue = N-terminal domain, Qc-SNARE; green = 
C-terminal domain, Qb-SNARE)  and syntaxin (beige, Qa-SNARE) on the target membrane. 
Synaptobrevin and syntaxin are anchored to the membrane by a C-terminal transmembrane 
domain, SNAP25 is connected to the membrane by palmitoyl moieties shown by the wedged 
lines. The linker connecting the two α-helices of SNAP25 is not drawn to scale. Adapted by 
permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience7, copyright 2002.
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Figure 3. The stalk hypothesis. Membrane fusion is thought to occur in several steps. First, 
the membranes need to be in close proximity (step I). Next, a hemifusion stalk forms with the 
proximal leaflets fused and the distal leaflets unaltered (step II). The stalk expands paralel to 
the membrane to a diaphragm (step III). From this diaphragm or the stalk directly (step II), 
the fusion pore opens (step IV).  Here, the contents mix. 
efficient fusion, the membrane also needs to bend8. Synaptotagmin has been proposed to 
bend the membrane, by binding both the SNARE complex and Ca2+ 16. Ca2+ in turn interacts 
with anionic lipids present near the SNARE complex17,18. In addition, Zhou et al. propose that 
the synaptotagmin interactions with Ca2+ work synergistically with the polybasic region of 
the SNARE-synaptotagmin complex that binds to anionic lipids in the membrane close to 
the SNARE regions, thereby deforming the membrane19. This enables stalk formation and 
subsequent fusion8.
Three SNARE proteins (syntaxin 1A, SNAP-25 and synaptobrevin 2) alone have been 
shown to fuse vesicles in vitro14,20,21. However, not all fusion assays report fusion with this 
minimal set of proteins, many require the aid of additional proteins such as complexin 1 and 
synaptotagmin6,22,23. How to interpret the various datasets and a summary of fusion studies 
using SNARE proteins is given by4. Some approaches to measure fusion are given in the next 
paragraph.  
Studying vesicle fusion
The first step prior to the actual fusion is to bring vesicles together. As a result of vesicle docking 
and aggregation, the scattering of light increases. This can be observed in simple absorbance 
measurements. For an actual measure of average vesicle size and the size distribution, 
dynamic light scattering (DLS) has been applied. Aggregation does not necessarily lead to 
membrane fusion, but is easily measured using a spectrophotometer without the need of dyes. 
It provides information if the vesicles find each other. To confirm genuine membrane fusion, 
other methods are required.
To probe membrane fusion, lipid mixing is often used as a read-out. To do so, two spectrally 
overlapping membrane fluorophores are added to one batch of vesicles and mixed with empty 
vesicles24 (depicted in Figure 4A). When the overlapping fluorophores are in close proximity, 
resonance energy transfer caused by excitation of the first fluorophore will excite the second 
one, a phenomenon called Förster resonance energy transfer (FRET). Upon membrane 
fusion the distance between the fluorophores will increase and the FRET signal will decrease. 
Another option is to use a fluorophore together with a quencher25  or use a self-quenching 
concentration of membrane-bound dye on one of the vesicles26. However, lipid mixing can 
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Figure 4. Assays for vesicle fusion. A: A FRET assay to study lipid mixing. Two fluorescent 
membrane dyes are added to one vesicle in a high concentration so the resonance energy 
from the excited fluorophore is transferred to the other. This results in fluorescence from the 
acceptor fluorophore. When the vesicle fuses with unlabeled vesicles, the distance between 
the two fluorophores increases. The amount of FRET is decreased, thereby mainly fluorescence 
from the donor is observed. B: A content mixing assay. Tb3+ by itself is weakly fluorescent, but 
upon chelation with DPA it forms a very strong fluorescent complex. Tb3+ is encapsulated in 
one vesicle and DPA in the other and when both vesicles fuse, the complex forms and 
fluorescence increases.
also occur when vesicles are in hemi-fusion state, therefore such assays do not discriminate 
between hemi-fusion and full fusion27. 
To follow true fusion, content mixing assays are applied (Figure 4B). Content mixing assays 
make use of a self-quenching concentration of a water-soluble dye such as sulphorhodamine, 
carboxyfluorescein or calcein. Upon fusion with empty liposomes, the dye concentration 
drops below self-quenching concentrations and the fluorescence increases. However, when 
the fusion process is leaky, the dye concentration will also decrease, hence the fluorescence 
will increase, and so appropriate controls must be performed. 
A method to discriminate genuine non-leaky from leaky fusion is based on molecules that 
together form a fluorescent complex. For example, Tb3+ forms a highly fluorescent complex 
with dipicolinic acid (DPA)28,29, and EDTA chelates the Co2+ of Co2+-quenched calcein. Thus, 
by incorporating Tb3+ (or EDTA) in one type of vesicles and dipicolinic acid (or Co2+-calcein) 
in the other type, an increase in fluorescence will indicate non-leaky fusion30. A variant is co-
encapsulation of a fluorophore and a quencher, e.g. ANTS and DPX31  (Figure 5). With ANTS 
in one batch of vesicles and DPX in another, only upon non-leaky fusion the fluorescence 
signal will drop. Total fusion and leakage are measured by encapsulating both ANTS and 
DPX in one vesicle31, making this an versatile assay that genuinely gives a full picture of fusion 
and leakage.
A third method is based on the selective cleavage of a fluorogenic substrate by an enzyme 
present in the other type vesicles. Examples are fluorescein di-β-D-galactopyranoside that is 
cleaved by b-galactosidase32 and 4-methylumbelliferyl phosphate that is cleaved by alkaline 
phosphatase30. Only when vesicles containing the enzyme fuse with vesicles containing 
substrate will the fluorescence increase. However, this assay cannot give precise kinetic 
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Figure 5. Molecules used in content mixing assays. On top, the fluorophore ANTS and its 
quencher DPX are shown. Below left, the fluorescent Tb3+-DPA complex. On the right, the 
non-fluorescent Co2+-calcein complex; The quenching is relieved by chelation of the Co2+ by 
EDTA.
 
information of the fusion proces, due to the enzymatic reaction nor discriminate between 
leaky and non-leaky fusion.
Typically, a combination of methods is used to demonstrate membrane fusion and to 
discriminate leaky from non-leaky fusion. This is often necessary to obtain the full picture 
of the extent and leakiness of the fusion process. Several fusion systems have been developed 
over the years. Some are based on SNARE-protein mimics, others employ viral fusion peptides 
or even use a completely different (synthetic) approach. An overview of well-characterized 
approaches is given next.
Model systems for membrane fusion
Already since the 1970’s, vesicle fusion is known to be triggered by divalent cations such as 
Ca2+ or Mg2+ 33,34. These cations interact with anionic lipids and destabilize membranes within 
seconds. Millimolar concentrations of divalent cations are sufficient to fuse membranes 
consisting of at least 25 mol% anionic DOPS35. The membrane destabilization leads to massive 
fusion but also loss of content28. However, using the anionic lipid DOPG we observe Ca2+ 
induced fusion without substantial leakage (Figure 6). In addition, DOPS vesicles fused with 
Mg2+ without massive leakage (Figure 6). 
In the 1980’s, fusion between cationic and anionic lipid vesicles (liposomes) was accomplished. 
Depending on the lipid composition, the concentration of anionic and cationic lipids, the 
amount and type of salt, the extent of membrane fusion and content leakage could be tuned36. 
Later on, this methodology was proven successful in fusing giant unilamellar vesicles (GUVs), 
and here the fusion events could be followed by optical microscopy37. Again, the more anionic 
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Figure 6. Cation-induced fusion and leakage. Fusion of DOPS  and DOPG vesicles with 
CaCl2 and MgCl2, respectively. NaCl is used as control. The salt concentration was 10 mM for 
the DOPS vesicles (A-C) and 20 mM for the DOPG vesicles (D-F). Black line: CaCl2; green 
line: MgCl2; red line: NaCl. A and D: Vesicle aggregation in DOPS (A) and DOPG (D) vesicles 
measured by absorbance at 400 nm. At the arrow, the salt was added. B and E: Vesicle fusion 
measured by fluorescence of ANTS quenched upon fusion by DPX. C and F: Contents leakage 
measured by fluorescence of ANTS. 
and cationic lipids were used, the more fusion and vesicle rupturing was observed. The fusion 
induced by electrostatic interactions is rapid and also leaky, which prohibits its usefulness for 
many applications. A study of Stamatatos and coworkers showed that for some conditions, the 
amount of fusion can be substantial without leakage depending on the lipids and ionic strength 
of the buffer used36. Testing various lipid mixtures in our lab resulted in rapid aggregation of 
vesicles, but after minutes, the amount of scattering reduced, indicating disentanglement of 
the vesicle aggregates (Figure 7). Some fusion might still occur, but our data suggest that the 
balance between non-leaky fusion and leaky fusion is small when induced by mixing anionic 
vesicles with cationic vesicles.
In nature, viruses fuse with the target cell using viral fusion proteins after initial activation of 
the viral fusion proteins (e.g. by  recognition of specific cell-surface receptors and/or low pH)38. 
These proteins bring the viral and target membrane together and contain a hydrophobic loop 
that is inserted in the target membrane, thereby disturbing its organization39,40. In vitro, the 
hydrophobic loops of the viral proteins have been shown to fuse liposomes (accompanied with 
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leakage), e.g. the N-terminal part of hemaglutinin HA-2 from the influenza virus41–43 or the 
N-terminus of gp41, a HIV surface protein44,45. Torres and Bong46 created a library of variants 
of the HIV fusion peptide and concluded that the peptide can tolerate many modifications 
and still elicit membrane fusion, as long as the hydrophobic domain is combined with a 
cationic sequence. These findings reveal (part of) the mechanism by which the gp41 peptide 
destabilizes membranes, and this work shows that electrostatic interactions between the 
fusion peptide and membrane are crucial for membrane fusion. 
Fusogenic peptides have also been synthesized de novo (summarized in47), to better 
understand their mode of action and the structural requirements for membrane fusion. One 
of the best-studied examples is the α-helical WAE peptide, an 11 amino acid hydrophobic 
and anionic peptide. Only when bound to one type of liposomes, it fuses the liposomes with 
cationic target liposomes without much leakage of contents48. The rate of fusion is related 
to headgroup spacing, since the more space between the headgroups, the higher the fusion 
rate49. Similar peptides also induced lipid mixing, but here the loss of vesicle contents was 
much higher50. 
Next to minimal viral fusion peptides, model systems based on reduced SNARE proteins 
have been constructed. A well-studied example is the E/K system developed by Litowski and 
Hodges51 and characterized for fusion by the Kros group52–54. The E/K system consists of two 
membrane-anchored peptides with the sequence (EIAALEK)3 and (KIAALKE)3 coupled via 
a PEG12 linker to a lipid anchor. The E peptide contains anionic glutamic acid and the K 
peptide cationic lysine residues, forming a coiled coil when interacting with each other by 
electrostatic interactions. Fusion without substantial leakage takes minutes to hours but is 
efficient52–54. The energy released by pairing of this E and K peptide has been calculated to 
be 14 kBT52. For membrane fusion, 50-100 kBT is required9 and thus 3-6 helices should be 
sufficient to fuse two membranes together. Remarkebly, orientation of the peptides did not 
change the amount of fusion, since zipper and parallel placed coils induced content mixing at 
similar levels55. The lipid anchor determines fusion efficiency, with cholesterol being the most
Figure 7. Vesicle aggregation induced 
by electrostatic interactions. Anionic 
vesicles contained 15% DOPG, cationic 
vesicles 20% DOTAP. Scattering 
caused by aggregation was followed 
over time. Black line: DOPC/DOPE/
DOTAP (40/40/20) + DOPC/DOPE/
DOPG (42.5/42.5/15) vesicles; red line: 
DOPC/DOPE/cholesterol/DOTAP 
(27.5/27.5/25/20)  + DOPC/DOPE/
cholesterol/DOPG (30/30/25/15) 
vesicles; green line: DOPC/DOPE/
cholesterol (45:15:25) vesicles; orange 
line: DOPC/DOPE/cholesterol/
DOTAP (27.5/27.5/25/20)  + DOPC/DOPE/DOPG (42.5/42.5/15); blue line: DOPC/DOPE/
DOTAP (40/40/20)  + DOPC/DOPE/cholesterol/DOPG (30/30/25/15). At  the start, cationic 
vesicles were present and at the arrow anionic vesicles were added at a mol/weight ratio of 1 
to 1. Aggregation was followed measuring the absorption at 400 nm. 
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potent of all amphiphiles tested56. 
Instead of using peptides to form a coiled coil, DNA has been used as a SNARE mimic. 
Experiments using DNA coupled to cholesterol, showed lipid mixing and content mixing 
accompanied by excessive leakage57,58. Chan and coworkers also used DNA to fuse vesicles, 
but with to two saturated C18 tails instead of an cholesterol anchor59,60. They measured a 
maximum of 10% content mixing after 1h, using a 24 oligonucleotide thymine strand and 
its complementary adenosine strand. By using random bases only 2% content mixing was 
obtained. A single molecule study using the same poly-T/A strand revealed that only 5% 
of the docking events lead to fusion61. Increasing the temperature to 50 ⁰C increased fusion 
yields drastically to 60%, allowing multiple rounds of fusion without substantial leakage62.
A variant of lipid-DNA amphiphiles, using modified uracils as anchor, lead to aggregation 
and full fusion63 but did not induce fusion in our lab (Figure 8). The molecules U4T and 
CrU4T auto-insert into vesicles and could be very useful in connecting two types of vesicles, 
but they should then subsequently be fused by an additional trigger such as calcium (as long 
as the vesicles contain a fraction of anionic lipids). 
Figure 8. Lipid-DNA amphiphile-induced fusion and leakage. Fusion of zwitterionic vesicles 
composed of DOPC, DOPE and cholesterol in 2:1:1 ratio decorated with the complementary 
modified DNA strands U4T and CrU4T. Black line: no lipid-DNA amphipile added; red line: 
lipid-DNA amphipile in 1 to 10,000 lipid ratio; green line: lipid-DNA amphipile in 1 to 1000 
lipid ratio; blue line: lipid-DNA amphipile in 1 to 100 lipid ratio. A: sequences and structure 
of the lipid-DNA amphiphiles used. B: Vesicle aggregation measured at 400 nm. From the 
start, lipid-DNA amphiphile containing liposomes were present, and, at the arrow, vesicles 
with complementary DNA were added. C: Vesicle fusion measured by fluorescence of ANTS 
quenched upon fusion by DPX. D: Leakage measured by fluorescence of ANTS.
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Another SNARE mimic uses peptide-nucleic acid (PNA) connected to a transmembrane 
α-helix as anchor64. In contrast to DNA, the PNA backbone is zwitterionic, so repulsive forces 
as found between two strands of DNA are circumvented. However, the observed 2% content 
mixing in 20 minutes is far from optimal.
In conclusion the efficiency of DNA/PNA-mediated vesicle fusion is low at room temperature 
and the process is slow. But, so far, no systematic studies have been performed to optimize the 
anchor and/or the number of base pairs. A larger extent of vesicle fusion without substantial 
leakage has been shown for lipid-DNA amphiphiles but at high temperatures62. So, it is feasible 
to accomplish membrane fusion using DNA-lipid amphiphiles, but the molecules need to be 
optimized to increase the amount of fusion at room temperature. These studies have taught 
us what is required to overcome the barriers for vesicle fusion.
Requirements for non-leaky specific fusion
So far, various systems have been described for vesicle fusion, some more useful than 
the other. In our view, the most promising system is the peptide-mediated fusion 
that the Kros group employs. The coiled coil formation brings the membranes close 
together and disturbs the lipid bilayer, leading to efficient fusion. In addition, another 
group65 coupled the E and K peptide to the transmembrane domains of syntaxin 1A and 
synaptobrevin 2. Similar kinetics and content mixing yields were obtained with this anchor 
as with the cholesterol anchor55, giving confidence that this system is robust and versatile. 
From these studies, we can deduce what is required to fuse liposomes in vitro. The first step is 
specific interaction between differently tagged liposomes. This brings the membranes together, 
a prerequisite for fusion. This connection by itself can be sufficient for liposome fusion, as shown 
by Loosli and coworkers66. Here, liposomes with modified lipids, named clickosomes, were 
connected using Cu(I)-catalized click chemistry and larger particles were found after a few days.
One can speed up the process of membrane fusion by disrupting the membrane structure, e.g. by 
using electrostatic interactions or inducing curvature. In the cell, proteins, e.g. synaptotagmin, 
induce curvature during vesicle fusion39. Curvature is induced by lipids having a head group 
smaller or larger than the area (apparent diameter) of their acyl tails. For example DOPE, a 
phospholipid with a small head group relative to the acyl tails, induces negative curvature 
and lyso-phosphatidylcholine, a phospholipid with only one tail, induces positive curvature. 
Increasing negative curvature was shown to aid stalk formation and subsequent fusion48,67. 
The importance of curvature is highlighted by diacylglycerol (DAG)-induced fusion. 
This lipid species has a strongly negative curvature. Fusion of biological membranes 
increases upon addition of diacylglycerol, both by direct addition or enzymatic cleavage of 
phospholipids68–70. In synthetic membranes, addition of 1-oleoyl-2-arachidonoylglycerol, 
a form of DAG, facilitates fusion induced by Mg2+ 71. This was confirmed in other lipid 
mixtures using Ca2+ or Ba2+ to induce fusion72,73. In vivo, DAG is generated by cleavage of 
the headgroup from phospholipids such as phosphatidylcholine or phosphatidylinositol by 
phospholipase C (PLC). PLC from various bacteria have been purified and characterized74–77. 
PLCs differ in properties regarding membrane destabilization; some induce aggregation 
only, others induce leaky fusion or even non-leaky fusion78–80. PLC from Bacillus cereus 
was estimated to generate 10% DAG and induce 50% of content mixing without leakage78.
Commercial obtained PLC was able to induce vesicle fusion in our lab (Figure 9). PLC from 
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Clostridium perfingens induced leaky fusion, whereas PLC from B. cereus instead causes fusion 
without leakage as described by78 and shown in Figure 9B and C. Initial leakage is found at the start 
of the experiment with PLC from B. cereus, depending on the PLC concentration. However, over 
the five minute time course of the experiment, the amount of leakage remains constant. Therefore, 
we attribute this leakage to some impurity in the sample rather than an action of the PLC itself.
In the aforementioned studies, DAG was added to the lipid mixture and distributed across 
both leaflets. However, PLC induces curvature in one leaflet only thereby causing rapid and 
massive fusion events. Induction of negative curvature is sufficient for lipid fusion as shown 
by Bailey and Cullis, using amino-lipids81. These amino lipids are similar to diacylglycerol 
except that the glycerol moiety is replaced by 3-(N,N-dimethylamino)-1,2,-propanediol. 
These molecules have a pKa between 6.6 and 7.6, which allows shuttling from to the other 
leaflet of the membrane by using a pH gradient. Upon dissipation of this pH gradient, the 
amino-lipids distribute again over the two leaflets of the membrane and cause fusion81. 
Figure 9. PLC-induced fusion and leakage. Fusion of zwitterionic vesicles composed of 
DOPC, DOPE and cholesterol in 2:1:1 ratio. PLC was obtained from B. cereus (A-C) or C. 
perfringens (D-F). Black line: no PLC but buffer added; red line: 0.01 U/mL PLC; green line: 
0.1 U/mL PLC; blue line: 1 U/mL PLC. A and D: Vesicle aggregation by PLC from B. cereus 
(A) and C. perfingens (D) measured by absorbance at 400 nm. At the arrow, PLC was added. 
B and E: Vesicle fusion measured by fluorescence of ANTS quenched upon fusion by DPX. C 
and F: Contents leakage measured by fluorescence of ANTS. 
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The liposome size affects fusion as well. Small unilamellar vesicles (SUVs) (< 100 nm) 
experience a high strain on the membrane (increased curvature), making them more prone to 
fusion. The fusogenity of large unilamellar vesicles (LUVs; size 100-1000 nm) and SUVs has 
been compared for Ca2+-induced fusion29 and polyethylene glycol induced fusion82. In both 
cases faster and a higher degree of fusion was observed for SUVs. Electrostatic interactions 
aid SNARE-mediated fusion in the cell, e.g. synaptotagmin with its polybasic region19  and the 
cationic sequence near the membrane of synaptobrevin and syntaxin83. In vitro, electrostatic 
interactions alone can also induce vesicle fusion36,37. The more opposite charges on each 
membrane, the more fusogenic the vesicles. However, the most efficient fusion is accompanied 
with significant leakage36,37.
The membrane anchor and its hydrophobicity influences the fusogenity of minimal SNARE 
models in vitro56,58,84. For peptide-induced fusion it was found that the more hydrophobic the 
anchor, the higher the fusion rate56. This also holds for DNA-mediated fusion. Stengel and 
colleagues measured an increase from 8 to 17% content mixing when they used two instead of 
one cholesterol anchors58. From 2 to 10% increase in content mixing was obtained when two 
hexadecane tails were replaced for a solanesol anchor84.
A liquid-crystaline state is not a requirement for vesicle fusion and can even prevent fusion, 
as shown by calorimetric studies combined with the transfer of radiolabeled lipids from SUVs 
to LUVs or content mixing assays33,85. For some conditions, fusion was completely inhibited 
above the transition temperature. This does not only hold for Ca2+-induced vesicle fusion, 
and phase separation is essential for HIV gp41-mediated fusion86. In both papers, the authors 
speculate that phase-separating or gel state membranes have irregularities in lipid packing 
and hydration, which may trigger fusion. 
In summary: bringing vesicles together and disturbing the membranes are essential for non-
leaky vesicle fusion. Both can be accomplished in different ways, via coiled-coil formation, 
DNA hybridization, and click-reactions to couple the liposomes, and via hydrophobic 
peptides, electrostatic interactions, and curvature induction to destabilize the membrane. 
However, the available literature data suggest that there is a small window between no fusion 
and leaky fusion, where non-leaky fusion can be accomplished. A new approach is to first 
bring the membranes together e.g. using clickosomes or lipid-DNA amphiphiles and then 
disturb the membrane. To disturb the membrane, the exploitation of PLC holds great promise 
since it has been shown to induce leakage free and fast fusion78,80.
Experimental procedures
Materials. 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS), 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol (DOPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), and cholesterol were purchased from Avanti Polar Lipids. ANTS 
(8-aminonaphthalene-1,3,6-trisulfonic acid) and DPX (p-xylene-bis-pyridinium bromide) 
were obtained from Thermo Fisher Scientific and Biotium.
Vesicle preparation. Lipids dissolved in chloroform:methanol (9:1) were mixed and dried by 
rotary evaporation. Lipids were hydrated in the appropriate buffer (20mM MOPS, 100 mM 
NaCl, pH 7.5 for aggregation measurements and 20 mM MOPS, 25 mM ANTS, 40 mM NaCl, 
pH 7.5 or 20 mM MOPS, 90 mM DPX, pH 7.5 for the content mixing assay; 20 mM MOPS, 
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12.5 mM ANTS, 45 mM DPX, 20 mM NaCl, pH = 7.5 for the leakage assay) and after 5 freeze 
and thaw cycles extruded at least 15x through a 100 nm polycarbonate filter (Avestin). For all 
buffers, the osmolality was measured on the Osmomat 030 osmometer and set to equal values 
(maximum difference: 20 mOsmol/kg) to avoid osmotic effects.
Vesicle aggregation. Vesicle aggregation is followed spectrophotometrically in the Varian 
Carry 100 Bio spectrophotometer, using 0.2 mM of lipids and measuring the absorbance at 
400 nm.
Content mixing assay. To assay content mixing, the protocol from Ellens et al. was followed31. 
In short, vesicles containing the dye ANTS were mixed with vesicles containing the quencher 
DPX. Upon non-leaky fusion, the fluorescence of ANTS is quenched by DPX. Upon leaky 
fusion, the quencher is diluted so much, that fluorescence remains high. Unencapsulated 
ANTS and DPX were removed before the experiment by eluting the vesicles over a 
Sephadex-G75 column with 20 mM MOPS, 100 mM NaCl, pH 7.5. Fusion was followed by 
fluorescence of ANTS (excitation at 350 nm, emission at 520 nm) on a Jobin Yvon fluorimeter. 
The percentage fusion reflects the amount of quenching relative to the fluorescence of the 
ANTS vesicles alone.
Leakage assay. Leakage was followed using a similar protocol as for content mixing31, but 
now ANTS and DPX were incorporated in one vesicle. Upon leakage, the ANTS and DPX 
were diluted in the surrounding medium and quenching was be relieved. 0.1% Triton X-100 
was added at the end of each experiment to obtain maximum signal that would correspond 
to 100% fusion.
Addition of lipid-DNA amphiphiles. For in situ modification of liposomes, liposomes 
were formed as described above and lipid-DNA amphiphiles (in water) were added at ratios 
indicated in the figure legends. To insert the lipid-DNA amphiphiles in the vesicles, the 
mixture was incubated for 1 hour at 50 ⁰C after which aggregation content mixing or leakage 
was followed.
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